Abstract This paper studies the practice of semi-domestic reindeer (Rangifer t. tarandus) herding in Finnmark county in northern Norway. In this area, the Saami reindeer herders compete for space and grazing areas and keep large herds, while at the same time, the reindeer population is heavily exposed to carnivore predation by the lynx (Lynx lynx), the wolverine (Gulo gulo), and the golden eagle (Aquila chrysaetos). It is demonstrated that predation actually may improve the economic lot of livestock holders in this unmanaged local common setting. There are ecological as well as economic reasons as to why this happens. The ecological reason is that predation compensates for natural mortality; that is, increased predation reduces natural mortality, indicating that the net loss due to predation actually may be quite small. When predation reduces livestock density, the feeding conditions of the animals will improve, resulting in increased livestock weight and higher per animal slaughter value. At the same time, a smaller stock reduces the operating costs of the herders.
INTRODUCTION
Common property resources are the resources in which property rights exist, though members of a group exercise the property rights collectively. There is also rivalry concerning the consumption of the resource within the group; that is, an increase in the amount consumed by one individual reduces the amount remaining for others to consume. This is usually referred to as a reciprocal negative external effect. A common resource can be defined as a local common resource if the number of members in the specified group is small. In most developing countries, irrigation, grazing on pastures, in-shore fisheries, among others, are local commons, where the access to the resource is usually restricted to small local communities. Some of these resources are common resources for practical and economic reasons, others for cultural and institutional reasons (Ostrom 1990) . A local common can be said to be managed if the exploitation of the common is executed in some cooperative manner among its owners, whereby reciprocal externalities are taken into account. On the other hand, a local common is unmanaged if no such cooperation is present. Under an unmanaged scheme, each owner typically follows his narrow self-interest and maximizes his private gain while neglecting the external cost of utilizing the common resource base.
Much of the discussion of the problems of unmanaged local commons can be traced back to Hardin's (1968) famous allegory of 'the tragedy of the commons. ' Hardin studied a system of communally owned grazeland and privately owned livestock. He assumed that the exploitation was steered by the self-interests of the livestock owners, with the consequences of having excess livestock and the issue of overgrazing. His famous conclusion, while being widely criticized (see, e.g., Dasgupta 1982, Chap. 2) , was that ''each man is locked into a system that compels him to increase the herd without limits-in a world that is limited. Ruin is the destination toward which all men rush, each pursuing his own best interests in a society that believes in the freedom of the commons. Freedom in a Electronic supplementary material The online version of this article (doi:10.1007/s13280-017-0910-1) contains supplementary material, which is available to authorized users.
common brings ruin to all'' (Hardin 1968 (Hardin , p. 1244 . Various aspects of common property and common property exploitation have been analyzed by, among others, Ostrom (1990) , Bromley (1991) , Seabright (1993) , Dasgupta and Mäler (1995) , and Baland and Platteau (1996) .
In this paper, a similar type of system of communally owned pasture and privately owned livestock is analyzed. Our case study is semi-domestic reindeer (Rangifer t. tarandus) herding in Finnmark county, which is located in the far northern part of Norway (see Fig. 1 ). In this area, conflicts are prevalent over the use of grazing land (Johannesen and Skonhoft 2009) . Although previous studies show that herders cooperate in the so-called herding groups through the sharing and exchange of labor (e.g., Johannesen and Skonhoft 2009 , Naess et al. 2010 , the utilization of grazing land is, to a large extent, characterized by mismanagement, in the sense that they fail to internalize the external costs. Conflicts are accompanied by high animal density and low animal weights. At the same time, the reindeer population is exposed to predation; thus, they are thus prone to the risk of being killed by predators such as the lynx (Lynx lynx), wolverine (Gulo gulo), and golden eagle (Aquila chrysaetos) (Tveraa et al. 2003) . Small and weak animals, especially calves, are most vulnerable to predators (see Linnell et al. 1995) . The research question we raise is to what extent livestock herders are negatively affected by predation within this system. Our main result is that we find that predation actually may improve the economic lot of the livestock holders. There are ecological as well as economic reasons as to why this happens. The ecological reason is that predation compensates for natural mortality; that is, increased predation reduces natural mortality, indicating that the net loss due to predation actually may be quite small. When predation reduces livestock density, the feeding conditions of the animals will improve, resulting in increased livestock weight and higher per animal slaughter value. At the same time, a smaller stock reduces the operating costs of the herders.
The rest of the paper is structured as follows. In ''Materials and methods'' section, we start by giving a brief background of Saami reindeer herding in Norway and the prevailing problems related to food shortage and predation in our study area, western Finnmark, or only Finnmark for short. Next, we formulate a reindeer population model. As the various categories of the reindeer population are differently exposed to predation, the model is specified with different age classes. The model is structured in three classes, where the weight-mortality and weight-fecundity relationships are included. The effect of carnivore predation on total mortality is also introduced here. The reindeer population consists of several flocks owned by different herders, or groups of herders, competing for space and grazing areas, and the economic benefit and cost functions for these herders are formulated in the last part of this main section. The ''Results'' section presents the numerical results under the considered 'tragedy of the commons' scenario, and the biological and economic effects of predation are demonstrated. The results are also compared with reindeer herding in Nord-Trøndelag county (Fig. 1) . This county is located in the southern/middle part of Norway, identified as 'South,' and is characterized by higher slaughter rates and significantly lower population density. In this area, we find that predation worsens the economic conditions of the livestock holders. The ''Discussion'' and ''Conclusion'' sections summarize and discusses the results.
MATERIALS AND METHODS

Ecological and economic background
The interactions between carnivores and livestock take place under widely different ecological and economic circumstances. As the degree of food limitation may significantly influence the effects of predation, this relationship has received considerable attention in the ecological literature (e.g., Sinclair and Pech 1996; Boyce et al. 1999; Ballard et al. 2001; Tveraa et al. 2003; Vucetic et al. 2005; Wilmers et al. 2007 ). In general, it is more likely that predation is followed by density-dependent reductions in natural mortality and improved recruitment (fertility) when ungulate density is high. On the other hand, predation is more likely to limit ungulate populations when pastures are plentiful. See, e.g., Ballard et al. (2001) who studied wild ungulates in North America and found that ungulate density reduced the relative importance of predation and food availability as factors limiting ungulate populations. In light of this, the significance of food limitation depends on whether predation comes in addition to natural mortality (additive loss), or to some degree compensates for natural mortality (compensatory loss).
A similar relationship has also been demonstrated in semi-domestic reindeer herding in Norway (Tveraa et al. 2003) . Because reindeer graze on natural pastures throughout the year, they are prone to the risk of being killed by predators. Predation is significant, and this problem has accentuated during the last two to three decades because of growing carnivore populations, as Norway has the goal of keeping 'sustainable' carnivore populations (see, e.g., http://www.rovviltportalen.no/content/2704/ Bestandsmal, Ekspertutvalget 2011 Finnmark, reindeer predation is particularly related to not only the lynx and wolverine, but also the golden eagle (Tveraa et al. 2014) . Small and weak reindeer, especially calves, are more vulnerable to predators than other animals in good condition (Tveraa et al. 2003) . Figure 2c shows that the loss of calves to predators per km 2 has increased substantially over the past few years in our study area, Finnmark, while it has remained stable and at a significantly lower level in the southern part of Norway. The losses reported here are those claimed by the herders. These are probably larger than the actual losses as the prevailing monetary compensation scheme gives incentives to overstate losses. Losses actually compensated are, however, likely to underestimate real losses because compensation relies on the ability to document losses, which may be difficult, especially for losses of calves (Tveraa et al. 2014) . In the numerical analysis in ''Results'' section, the average between the claimed and compensated losses is used as the baseline predation pressure. For further information, see Appendix S1.
Although differences in carnivore density may explain some of the variation in claimed losses between Finnmark and the South, Tveraa et al. (2014) demonstrated that various indicators of food limitation (i.e., reindeer density, climate, and plant productivity) are the most prominent factors explaining the differences in predator losses. Furthermore, when combined with the previous findings showing that predators tend to kill weak animals (Tveraa et al. 2003) , these researchers claim that losses to predators in Finnmark are highly compensatory. Food limitations also have important economic consequences, as the weight and slaughter value of the livestock may be severely influenced.
Reindeer husbandry is a traditional and cultural-based livelihood of the Saami people in Norway, Sweden, Finland, and Russia, and can be traced back to the fifteenth century, when the Saami people domesticated entire reindeer herds, leading a considerable number of Saami people to become herding nomads (e.g., Riseth 2006) . This tradition has been preserved until today. Saami reindeer herding in Norway takes place in Finnmark, Troms, Nordland, Nord-Trøndelag, Sør-Trøndelag, and Hedmark counties ( Fig. 1) , and is an exclusive right of the Saami people in these counties (Johannesen 2014) . It is a small economic activity, comprising some 530 herding units that keep a total of 230 000 animals (NRHA 2014). The industry produces about 2000 tons of reindeer meat yearly, which amounts to 1-2% of the total production of red meat in Norway (NRHA 2013) . Although small on a national scale, reindeer husbandry is of great importance to the Saami people, both culturally and economically (Bostedt 2005; Johannesen and Skonhoft 2009 ). For many herders, cultural values are important when choosing to make a living through reindeer husbandry, and these values seem to be valued just as highly as the income opportunities the industry provides (Johannesen and Skonhoft 2008) . Therefore, not surprisingly, a large number of herders emphasize that herd size is important as a part of the cultural valuation, as well as providing insurance against unfavorable environmental conditions (Johannesen and Skonhoft 2011) .
Reindeer graze on natural pastures throughout the year and the pastures are utilized as common properties. The largest herding area in Norway is found in our study area, Finnmark County, and constitutes about 70% of the total Norwegian reindeer population (NRHA 2014) . Until the 1970s, the reindeer herders in Finnmark held a relatively stable number of reindeer, but the number increased substantially during the 1990s and onwards (Riseth and Vatn 2009 ). Previously, herders utilized the grazing land according to traditional rules of allocation and respected the prevailing informal rules transferred through generations (Riseth and Vatn 2009) . At that time, reindeer herding proved sustainable, and the utilization of the grazing land was characterized as a managed common property. However, the social structure in reindeer herding in Finnmark changed and eroded with technological improvements, access to external markets, centralized settlements, and the establishment of external regulations from the Norwegian government (Riseth and Vatn 2009) . Over the past decades, many herding communities in Finnmark have been characterized by internal conflicts and strong competition over access to pastures (Johannesen and Skonhoft 2009; Riseth and Vatn 2009 ). This perceived lack of cooperation and coordination has resulted in low slaughter rates, thus leading to increased reindeer density, and subsequent pasture degradation (Johansen and Karlsen 2005) . The situation shows clear signs of 'tragedy of the commons' exploitation.
High reindeer density and food shortages have, in turn, led to low animal weights in parts of Finnmark compared to the previous years. Figure 2a , b, compares the situation in Finnmark and South, where the reindeer herding areas in South have much higher slaughter rates. The reindeer density in Finnmark is currently more than twice the density in South, and irrespective of the fact that the carrying capacity per area unit is generally higher in Finnmark, the average slaughter weight here is significantly lower.
In South, pastures are utilized as common property as well. However, here the herders have managed to coordinate their activity and restrict the reindeer density so as to avoid pasture degradation. As stated by Riseth and Vatn (2009) , a reason for this difference between South and Finnmark is that Finnmark is characterized by open landscapes with few natural borders. Moreover, the number of herders is much smaller in South, and hence coordination may be easier.
The high population density in Finnmark and the low weights have also worked in the direction of reduced natural survival rates, especially for calves (Tveraa et al. 2014) . Because females with lower weights are less likely to reproduce, lower fertility rates have been observed (Tveraa et al. 2003; Bårdsen et al. 2010) .
Population model
The total reindeer population for the herders in our study area at the time (year) t is structured in three stages: calves X c,t (yr\1), adult females X f,t (yr C 1), and adult males X m,t (yr C 1). The population is measured in the spring, just before calving. When we neglect summer mortality and assume predation takes place after winter natural mortality, the events over the yearly cycle are then calving, slaughtering (which takes place in September-October), winter natural mortality (diseases, accidents, starvation), and predation.
2 Within the range of the actual reindeer densities, the sex composition seems to play a negligible fecundity role, and recruitment is steered only by the number of adult females. This implies that there are always enough males to reproduce the stock. Therefore, the number of calf (recruitment) is first governed by
where f t [0 is the fertility rate (number of calves per female). With 0\s i,t \1 as the natural survival rate, 0 B m i,t \1 as the predation rate associated with carnivores, 0 B h i,t \1 as the harvest (or slaughter) rates (i = c, f, m), which typically are low in our study area (details below), and w as the fraction of female calves (usually about 0.5), the In reality, there is a spring and summer mortality, especially for calves , and predation and natural mortality generally take place simultaneously. However, by sequencing the events over the annual cycle, the model becomes analytically and numerically traceable. We have also studied the model when predation takes place before natural mortality. This causes a change in the distribution of losses from natural mortality to predation mortality, but has a negligible impact on the remaining results, as long as (slaughter) weights, and hence, the fertility rate and natural survival rates, depend on the autumn stock size. abundance of adult females and males may next be written as follows:
respectively. Both fertility and survival rates depend on food conditions and food shortages approximated by the (average) animal weights. The weight of the animals, on the other hand, depends on food availability and the grazing pressure during the summer and fall, approximated by the total number of grazing animals (Tveraa et al. 2003 ) (see Fig. 3a ). Therefore, natural survival rates and fertility rates reduce with animal density (Fig. 3b, c ; also see Appendix S1 for more details). The survival rates are assumed similar for the adults, and are higher for adults than for calves at all population levels, s m;t ¼ s f;t [ s c;t :
The predation rates also differ between sexes and age classes and are lower for adults than calves, m c,t [m f,t = m m,t (Tveraa et al. 2003) . We assume that the predation rates are independent of the reindeer density. There may be feedback effects, where the size of the reindeer population influences the growth of the predator population; however, we neglect these because the number of carnivores is regulated with certain population goals for the lynx and wolverine (again, see (http://www. rovviltportalen.no/content/2704/Bestandsmal, and Ekspertutvalget 2011).
3 The carnivore natural growth and population sizes are thus assumed independent of the size of the reindeer population, and the predation rates are exogenous in the model. In our population model, predation and natural mortality are interacting. This is because higher predation reduces the number of animals; therefore, the animal weights increase with the amount of predation. This again feeds into higher natural survival rates. As a result, predation mortality generally compensates for natural mortality; that is, higher predation pressure shifts up the natural survival rates. This compensatory effect will typically be stronger in Fig. 3 Density-dependent weight, natural survival, and recruitment functions. Baseline parameter values western Finnmark (see Table S1 in Appendix S1) the presence of a severe food shortage, as well as in situations where weights are more sensitive to changes in animal density (Fig. 3) . There is also a compensating effect present through the fertility rate, and higher predation pressure therefore increases the fertility rate.
We also consider the compensatory effects in terms of morality rates. With natural mortality in the number of animals of category i, given as N i,t = (1 -h i,t )X i,t (1 -h i,t ), and predation in number of animals defined by M i,t = (1 -h i,t )X i,t s i,t m i,t , because predation is assumed to take place after natural mortality, the total mortality of category i becomes N i,t ? M i,t = (1 -h i,t )X i,t (1 -s i,t ) ?
(1 -h i,t )X i,t s i,t m i,t . The total mortality rate may therefore be written as (N i,t ? M i,t )/(1 -h i,t )X i,t : g i,t = (1 -s i,t ) ? s i,t m i,t . Changing mortality rates due to increased predation now reads qg i,t /qm i,t = s i,t -(1 -m i,t )(qs i,t /qm i,t ), with qs i,t /qm i,t C 0. The first-order effect is therefore captured by the term s i,t . The second-order effect is captured by -(1 -m i,t )(qs i,t /qm i,t ), and hence this represents the compensatory effect.
Because of strong density-dependent effects in our population model, we find that the total population size stabilizes quite quickly with fixed slaughter rates. Figure 4 illustrates the transitional dynamics with the baseline slaughter and predation rates and baseline parameter values. (Appendix S1 provides details about the data and the functional forms.) This figure clearly indicates that the dynamic is ergodic; that is, a unique steady state is approached under the two different initial situations of low and high animal density. The low fixed slaughter rates included here, h c = 0.20, h f = 0.05, and h m = 0.21 (the time notation is omitted), are in accordance with the present management situation in our study area (see also  Tables 1 and 2 ). Therefore, the high steady-state total stock density, about 70 (# of animals/10 km 2 ), reflects today's 'tragedy of the commons' situation, and is, as previously mentioned, significantly higher than in the southern part of Norway (Fig. 2) . The time-invariant predation rates represented here, m c = 0.27, m f = m m = 0.04, are the average of current claimed and compensated losses and reflect our baseline predation scenario. In the numerical analysis below, only equilibrium or steady state is considered.
Cost and benefit functions
In the present study, we are only concerned with the net income from slaughtering, considering the harvesting value, slaughtering costs, and the operating costs with respect to the animals. Therefore, any positive stock value related to status, insurance, or cultural identity (see above subsection ''Ecological and economic background'') is not taken into account in the present exposition. Compensation for the predation loss is neither taken into account. 4 Since natural mortality and predation are assumed to take place during the late fall and winter, after slaughtering, the number of animals removed through slaughtering in year t is simply defined by H i,t = h i,t X i,t (i = c, f, m). The current slaughter value, or meat value, for our group of herders, is accordingly I t ¼ pðw c;t h c;t X c;t þ w f;t h f;t X f;t þ w m;t h m;t X m;t Þ; ð4Þ
where p is the net meat value (NOK/kg), i.e., the slaughter value corrected for slaughter costs. The meat value is thus assumed to be fixed and similar for all categories of animals. The operating costs are generally different between the winter and summer seasons. There are also costs included in moving the animals from the winter grazing to the summer grazing area, and vice versa. There may also be cost variations between the various herders. However, such differences are neglected, and we simply relate the variable operating costs to the total size of the summer stock:
with C 0 [0 and C(0) = 0. In addition, there are fixed costs, but they are not included as these have no influence of the solution of the model. The cost function may be convex, or concave-convex. As a compromise and simplification, it is assumed to be linear, C 00 = 0. However, in the sensitivity analysis, we have also included a convex function. As any possible protective effort with respect to predation is also neglected here, Eq. (5) indicates the total variable costs. The current net benefit, or profit, for our considered group of herders is thus defined by
RESULTS
We now present our numerical steady-state results under the 'tragedy of the commons' management situation in our study area in Finnmark, which is characterized by low slaughter rates and high population density. We consider three predation scenarios with the baseline scenario reflecting the average between today's claimed and compensated loss. Additionally, we study the effects of zero predation as well as high predation. The last scenario is characterized by a somewhat higher calf predation rate than in the baseline scenario, while the adult rates are just slightly higher (see Table 1 , and also Appendix S1). In these first scenarios, the slaughter rates are kept fixed and thus any possible harvest control response to the changing predation pressure is not taken into account. The main biological results are first considered (see Table 1 ). Increased predation pressure reduces the total stock (column one) and the predation losses increase for all animal categories (column six). However, the ecological compensation effect, when working through increased natural survival rates (column four), reduces natural mortality (column five) and dampens the effect on total mortality (column seven). Indeed, the compensation effect is so strong that the total mortality for adult animals is actually lower under the baseline predation scenario than under the no predation scenario (column seven). Therefore, we find that the second-order effect in the population model a See footnote a- Table 1 dominates the first-order effect for these two stages (see ''Materials and methods'' section). The natural mortality compensation mechanism is also strong for the calf population, although not sufficient to offset the increased predation loss. The total mortality hence increases slightly when moving from the no predation scenario to the baseline predation scenario. When moving further from the baseline to the high predation scenario, much of the same picture emerges, and the total mortality rates are lower for both categories of adult animals when the predation pressure is high. Table 2 demonstrates the accompanying cost and benefit results of predation. It is first observed that the number of animals slaughtered decreases when the predation pressure shifts up (column two), simply because of reduced stock sizes (cf. Eq. 4). On the other hand, the slaughter weights increase (column three), though not sufficiently to offset the income effect through the reduced number of slaughtered animals. The total biomass slaughtered and the slaughter income is therefore reduced, but only by 2.5% when moving from no predation to the baseline predation scenario (12 422 vs. 12 106 NOK/10 km 2 ). However, when also taking into account lower effort and lower operating cost following the reduced flock size, the economic compensation effect through increased weights is strong enough to make the herders economically better off with predation. Indeed, profit increases by as much as 24% (5257 vs. 4236 NOK/10 km 2 ). When predation is increased to a higher level, profit increases even further.
Our 'tragedy of the commons' outcomes in Finnmark may be compared with possible outcomes in the herding areas in southern Norway. As mentioned previously, in the South (again, see Fig. 1 ), herders have managed to coordinate their activity and restrict the reindeer density so as to avoid pasture degradation. Therefore, the slaughter rates are significantly higher, the animal density is lower, and the animal weights are higher in the South compared to Finnmark (Fig. 2) . In turn, higher weights lead to smaller predation loss in the South. Using the same price and cost parameters as in our study area of Finnmark, but with actual slaughter rates in the South based on data from NordTrøndelag County (NRHA 2014), we accordingly find that the slaughter income is higher, with the operating cost lower than in Finnmark under both the zero and baseline predation scenarios (again, see Table 2 ). More importantly, we find that the introduction of predation in the South results in losses to the herders. Therefore, carnivores and livestock predation work as a nuisance in this area. The high predation scenario is not included in this comparison because it, when combined with the high slaughter rates, leads to depletion of the population in the South.
The slaughter rates have been kept fixed under the different predation scenarios presented so far. In Fig. 5 , we have relaxed this assumption. We find here that when higher predation pressure is accompanied by lower slaughter rates, the profit reduces compared to the previous situation where the slaughter rates were kept fixed. On the contrary, when higher predation pressure is accompanied by higher slaughter rates, the profitability improves compared to the fixed slaughter rates situation. It is also noted that the profit with zero predation and baseline slaughter rates results in more or less the same amount of profit as in the baseline and high predation scenario, but with lower slaughter rates.
DISCUSSION
Under the present management situation in our study area of Finnmark, characterized by low slaughter rates, high animal density, competition for grazing areas, and overgrazing, the numerical analysis demonstrates the paradoxical result that higher predation pressure and higher animal loss due to predation may improve the economic lot of our group of reindeer herders. Therefore, although reindeer herders perceive predation as a negative effect of the public goal of keeping sustainable carnivore populations in Norway, this policy may be beneficial for the herders under our model and parameter value assumptions. This paradoxical effect exists under the current 'tragedy of the commons' situation, in which the lack of coordinated management implies low and fixed slaughter rates and too many grazing animals, as well as slaughtering rates that do not respond to shifting ecological conditions. We have also highlighted some scenarios where the slaughter rates respond to changing predation pressures. We find that higher slaughter rates accompanying higher predation pressure improve profitability compared to the fixed slaughter rate situation. Additionally, our results for Finnmark have been compared with the well-managed grazing areas in the southern part of Norway, characterized by high slaughter rates and low animal densities, where we find that higher predation pressure actually imposes an economic cost to the herders.
The three predation scenarios considered in Finnmark conditioned upon identical low and fixed slaughter rates have also been studied under a different set of parameter values. While more valuable meat and a higher slaughter price scale up the moderate income loss following higher predation pressure, higher operating cost works in the opposite direction. Therefore, when keeping the unit operating cost parameter fixed while increasing the slaughter price in Eq. (4) by 8%, up from 53.7 NOK/kg to 58.0 NOK/kg (see Appendix S1), the zero predation pressure and baseline scenario yield identical profit. Moreover, when keeping the slaughter price fixed while reducing the unit operating cost parameter in the linear specified cost function (5) by about 12%, from 97.3 NOK/animal to 85.2 NOK/animal (see Appendix S1), we also find that the profit in these two scenarios just breaks even. These parameter values are therefore crucial for our main conclusion. While the baseline meat price data are reliable, the value of the operating cost parameter is much more uncertain (see Appendix S1). We have also done some sensitivity analysis by assuming increasing marginal operating costs. When specifying the convex cost function so as to yield the same baseline scenario, as previously stated, the impact of a changing predation pressure on profit is actually strengthened.
Additionally, we have obtained sensitivity results under shifting biological conditions, where we find that a higher value of the parameter governing density dependence in the recruitment function (parameter a; see Eq. 1 and Table S1 in Appendix S1) reduces profitability under all predation pressure scenarios, but does not change the quantitative effect of increased predation pressure on profitability. The same picture emerges when increasing the natural survival density dependence for the calf population (parameter b c ; see Eq. 2 and Table S1 ). Changing other biological parameters does not change the quantitative effects of increased predation pressure; that is, higher predation pressure still results in higher profit. Finally, we have included scenarios with even higher predation rates than the high level considered above, and these scenarios demonstrate that profit may be reduced under our baseline parameter values when the predation pressure becomes very high.
CONCLUSION
More broadly, the main finding in this paper is that a negative external impact through ecological and economic compensation mechanisms may actually improve the economic lot of livestock holders in a situation with overgrazing and mismanagement. Such a result may be replicated under other economic and ecological settings where an exploitation scheme of the 'tragedy of the commons' type prevails. Another example may be that of common property grazing systems where livestock is subject to not only predation, but also illegal harvesting, although we are not aware of any studies on this. The ecological and economic compensation mechanisms studied in our paper may also be explored further when considering other predator-prey type interactions, where feedback effects, or numerical responses, are included, or when management of competing grazing animals is considered. To the best of our knowledge, these possible economic compensation mechanisms have been neglected in the literature. Low harvest rates Baseline harvest rates High harvest rates Baseline parameter values, but shifting slaughter rates. Low harvest rates = 0.9 9 baseline harvest rates, high harvest rates = 1.1 9 baseline harvest rates. Baseline harvest rates, see Table 1 
